Markov Nets: Probabilistic Models for Distributed and Concurrent Systems by Benveniste, Albert et al.
Markov Nets: Probabilistic Models for Distributed and
Concurrent Systems
Albert Benveniste, Eric Fabre, Stefan Haar
To cite this version:
Albert Benveniste, Eric Fabre, Stefan Haar. Markov Nets: Probabilistic Models for Distributed
and Concurrent Systems. [Research Report] RR-4253, INRIA. 2001. <inria-00072335>
HAL Id: inria-00072335
https://hal.inria.fr/inria-00072335
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de









ap por t  

de  r ech er ch e 
THÈME 4
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Markov Nets: Probabilistic Models for distributed
and concurrent systems
Albert Benveniste, Eric Fabre, Stefan Haar
N° 4253 – version 2
version initiale Septembre 2001 – version révisée Mai 2003
Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 Rennes Cedex (France)
Téléphone : +33 2 99 84 71 00 — Télécopie : +33 2 99 84 71 71
 





































































































































  ¥ ¯qXwzﬁd$s0q|{s{lrﬁpndewbuXozﬁs{dBw } uGwzprq"wu|s{lnuXw } q|obs{uXc!q|s{d°zYs{uy_qXzYs{l@obd } dBzz{~yzÅ
sta$cedBz]$uXw$obt{dBwGsz$¨4TpvoUz]xbtBﬁlrz{$ced$w@sB§'wuXozc0owblnztz{uXwzpndBz]#NzYdNq|oy } d`dﬁst{l } obwd
zYBceqXw@s{lGod
} uG } td`xq|{s{lnd$p<§Xd$sTwbuXoUz]ﬁsto } lnuXwzT$uXceced$w@sTxbtuXqXblnpvlrzYdB]pvdNz]uX } tdBzxqXYstlvdBpnz]ceu } Bpvlrz{qXw@sTpvdNz]dﬁyﬁÅ
$oys{lnuXwUz } ds{d$prz]tBz{dBqXoy*¨dﬁs{s{d#ﬁsto } d#dNzs]ceu|stlvG$d`xq|]owbd#zYB{lnd } ds{qJJqXoymlnztq|w@s } $Gd$pnuXxbxLd$
owbdq|pnXuG{lvs{_bcel@obduG{lnXlnwqXpvd³xUuGob#pnd } lnqXXwbu@zstln } lrzst{lnbob } dNz#tBz{dBq|ob } dgs{BpvNﬁuXcec1obwblr$q'stlvuGwﬂ¨





 à ¡b£y¡ à   

Ü ¡B¢ Ü ¡B e£  á  Õà Pá   ﬀ4£b ﬂﬁ£b¢N¡ﬃÒ£  à ¢'á Ü ¢ 
 à á Ü Ò  à áÒ B¡$¢½ ¡ Ü á   Ý  B¡ Ü 
  
b¨v ¦ {uGc $uXw$obt{dBwGs4qXoys{uGc!q'stq#s{u
xqXYstlnqXpXuG } dBﬂceu } d$przqXw } dﬁst{l@wbdﬁsz! q|wlnwy®½uXtc!q|p
} lnztﬁoztz{lvuGw ¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨g¨¨g¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ 
b¨ ¾`qG«@G{uGobw } wu|s{lnuXwUz`uXwdﬁs{tl*wbd$stz
qXw } st_bd$ln
obwb®½uXp } lvwGzÂ¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ "
#





¨ ¾q|w_lvwbixbtuyﬁdBztz{dBz`q|w } zYs{uGxbxblnwbis{lncidNz ¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨N
¨ b¨v ^`_bd$qXz{dgu|®]q|oystuXc!q'sq"¹PzYdBd ¦ lvU¨"G¼-¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨N
¨ b¨  ^`_bd$qXz{dgu|®XdBwbd$q|pFdﬁst{l*wbd$stz¹P+®¨ ¦ ln¨'@¼¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨Bf
¨ )( Golvxbxlvwb!owy®½uXp } lnwbGz#uX®dﬁst{l4wbdﬁsz`ª#l´st_)x{uGq|blnpnl´stlvdNzÄ¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨J
¨ ¨v _buXlrﬁd$ÅÕ$uXcexqXﬁsd$s{tl*wbdﬁsz$¨¨g¨¨g¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨J
¨ ¨  ^`_bd$qXz{dgu|®®½{dBd_buXlrﬁdgdﬁst{l*wbd$stz ¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ﬃ*
¨ ¨  ( @oblvxxblvw°_buXlrﬁd$ÅÕ$uXcexqXﬁsd$s{tl*wbdﬁsz#ª#l´st_xb{uGq|lvpnl´stlvdNz#¨¨g¨¨g¨¨¨³¨¨+
































































































¾³¨  ^`_dHG·uGpvceuXGuXtu'0d$@std$wz{lnuXw¿q|tXobcedBwGs¿¨¨g¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ Xf
¾³¨ f >{umu|®u|®s{_bdBuXtd$c  ¨g¨¨g¨¨g¨¨¨³¨¨g¨¨g¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ Xf
¾³¨ÚÀ>{umu|®u|®s{_bdBuXtd$c((¨g¨¨g¨¨g¨¨¨³¨¨g¨¨g¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ /+
¾³¨ * >{umu|®u|®s{_bdBuXtd$c2¨g¨¨g¨¨g¨¨¨³¨¨g¨¨g¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ ﬀ'
¾³¨I+ >{umu|®u|®s{_bdBuXtd$cf ¨g¨¨g¨¨g¨¨¨³¨¨g¨¨g¨¨¨g¨¨g¨¨³¨¨g¨¨¨g¨¨g¨¨g¨¨¨³¨¨ ﬀ'
ßß2óJ )+*(&








GpvuGq|pzsq's{d0u|®Tqes{dBpvdNﬁuGcic1obwblr$q|s{lnuXwz#wdﬁsªuXt«L¨`±wRq!wdﬁsªuXt«Xd } z{~mzYs{dBc§UdNqX_wbu } dxLuGztzYdNz{z{dBz



































































































































































ztq'stlnz 5d } m~ ®½{dBd)_buGln$d-wbd$stzB§>bobs!qX{d"lvwÁ®ÒqXﬁseceuG{d"Xd$wd$q|p<¨.3q|w } pvlnwb¶Xd$wd$q|pg¹Òztq'®½dN¼0dﬁst{l
wdﬁstzlrz
lnw@GdBzYs{lnGq|s{d } lnwRz{dB+stlvuGwRf¨#d$prq'std } ªuXt«-lrz } lrztﬁoztzYd } lvw¶jmdBﬁs{lnuXw¸b¨ ¦ lvwqXpvpn~X§*jmdN+s{lnuXw0*
uGoys{pnlnwbdBz#z{uXcedﬁuGwﬁpnoz{lvuGwz#q|w } xLd$zYxLdBﬁs{lnXdBzB¨
 




  ﬀﬂﬁﬃ	ﬀ ﬁ!ﬀ"ﬁ#ﬀ%$ﬁ&ﬀ'ﬁ&()*,+- .+(/0ﬁﬃ+213ﬀ,'
ﬀ/54)ﬁﬃ%'67*89ﬁﬃ(:+';/<=/"/<'
±west_blrz>z{obz{dB+stlvuGw!ªd } lnztﬁoztzTlnwy®½uG{c!q|pnpn~0ª#_m~0dﬁst{lUwbdﬁsz>qX{d
qXw°q } d GoUq's{d`®½q|cedBªuG{«stuceu } d$p































2’ 3’ 1’3’ 1’ 4’


































































































st_bd$tdﬁ®½uG{dÐ Ï³ÐrÍ"ËﬁNÐrÍ$Ë$Ø )ÌLÑ|Ï·ÏÑ ﬁ|ÐrÍÏ<Ð ÌﬃXÔyÐrÍ;Y  [Z
Ï]\  ﬁÌ¿Ï^Y 1ËÑ0Ê+ÔyÌ²Ë'Ìﬁ!Ï_Y80Ñ'Ì4gÍ;YbÑ`\]Ì²Ð Ì >Ð ﬃ ba'ÙË'Í³Ï^Y ﬁÍ! ﬁ'Ð c ﬁÊ0Ñ|ÌØed Ð ÌRÏ^Y N\>ËHd-ÎÑ'ÌFÎﬁÔyÊ+Ê$ÌÏ
3" 1" 2" 3" 1"












* Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
Ï<Ê{Ë|ÌbÍ+Ð ÏPÐÒÑ|ÌbÍ³Ð ÌÏ ﬁÊ+Ø Ë&ﬀ ^`_blnz } d!5wbdNz$§mlnwy®½uXtc!q|pnpv~G§mqXw°d	@obln'q|pnd$w$dtd$prq'stlvuGw°uXw-s{lncedBzB¨^`_d$tdﬁ®½uXtdX§
lnw¿q|w } uGcelvµBlvwb!tobwz·u|®>qXoys{uGceq|stq§uXwd0zY_uXobp } tq|s{_bdB




z{_buGobp } Udixbtdﬁ®½dB{td } lvwzYs{dNq } ¨±w¸s{_lnz³xblr+stob{dG§Fs{q|wz{lvs{lnuXwzgq|td0wu|sgpvlnwbdBqX{pn~uX } d$td } q|wm~¿ceuXtd
3" 1" 3" 1"




ﬁuXceceuXw)xqXYstlnqXpLu } dB#mlvdBªÄuX®4s{_dgsªuetobwz`u|® ¦ lvU¨tiq|w }"¦ ln¨{¨
qGzTqGpvuGq|pLzYd God$w$d#u|®ﬂd$Gd$w@stzB§GqXw } s{_d·Xtd$~1µ$uGwbdBz>lvw } lnBq's{lnwbGpvuGq|pUzsq's{dNzT_qJGd } lrz{qXxbxUdNq|td } ¨
±wUzstdBq } §JzYstq|s{dNzﬂLdBﬁuGced>pnumBq|p@q|w } dBXdBwGsz4qX{dTuGwbpn~ Ë'Ê+Ï<ÐÒË'Ø ØeduX } d$td } qGz4z{xUdNﬁl 5d } m~³s{_d>blnxq|{s{lvs{d
} lvtdBﬁs{d } Xq|x_ z{_bu'ª#wﬂ¨
D
@oblr«dﬁbq|celnwq'stlvuGw uX®st_blrz 5Xo{dtd$XdNq|prz1s{_q|s!s{_bd¿tlvG_@seª`qJ~ s{u
















































































































xbprqX$dBz b¨ ^`_bd@5UtzYse$uXcexLuXwbdBwGsexLuGztzYdNz{z{dBz1xbprqXﬁdNz   ²q|w
}
s{q|wUzYlvs{lnuXwz













































ÏÕÑ $ÔyÐ   \]Ð Ï^YRË  LÊ{ÑË$Ð ØòÐ Ï d"Ï_Y8Í!$ÏÑ 0Ë'Ø ØﬂÊ+ÔyÌÍÙ
Í  $Ì¸ËJÍ  Ë'Ê+Ï<ÐÒË'ØÑ'Ê ﬁﬀﬁÊÍÙ













































































































" Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
} lnzYs{tlvoys{d } zYoxUdB{mlrzYlnuXwC ¶sªuÁz{obxUdB{mlrzYuGtz } dBqXpvlnwbª#lvs{_ÄwbuXwlvw@s{dBtqG+stlvwb } uXc!q|lnwz)zY_buGobp } Ud
qXpvpnu'ªd } stuelvGwbuXtdgdBqX_"u|st_bd$¹Ò{d Golvtd$ced$w@s¹PG¼Y¼ﬁ¨
D
} dﬁsq|lnpvd }­} lnztﬁoUz{z{lvuGw u|®`s{_blrz0s{uXxln!lrz®½uGobw } lnw v<§ªd°XlnXd!uGwbpn~¸q|w­uGoys{pnlnwbd-_bdB{dG¨)·q|wyÅ
} uXcelvµBlvw°dﬁs{tlwbdﬁsz·lrzxUdBY®½uG{ced } §U®½uG³j@stuy_qXzYs{lrdﬁst{lwbd$stze¹Pjm ¼  X  Ú Õ§Fm~qXxbxbpn~mlvwb¸Ê{ËXÎ 
 Ñ'Ø´ÐÒÎﬁÐﬁÍ)lnwª#_blr_d$mxLuXwd$w@s{lrq|pªqXl´stlvw¿s{lncedBzeq|td-q|pnpnumBq'std } s{u¸d$wqXbpnd } sttqXwzYlvs{lnuXwUz0q|w } uXwbpn~




sttqXwz{l´stlvuGwz$¨^`_lnzgª`qJ~X§Fdﬁst{lwbd$sgd$ydBﬁobs{lnuXwz³LdBﬁuGced1lnw } dBxUdBw } d$w@sg®½tuXc s{_diwuXw } d$s{dB{celnwblnz{c
} obd³s{uis{_bdlnw@s{dB{pndBqJmlnwb0uX®ﬁuGwﬁo{td$w@ss{q|wz{l´stlvuGwzlvw¿q5tlvwiz{d	@obdBwﬁdG¨$1·wy®½uX{s{owq'std$pn~X§z{o_"q
xLuXpnlrﬁ~lrzwbu|spvuyBq|p<§|q|w }i} umdBzwbuXsztq'stlnzY®½~uXoz{dB$uXw } {d Golvtd$ced$w@sN¨Æ·s{_d$]q|xbx{u@qX_bdNzﬂ_qJGdLd$dBw
x{uGxUu@zYd } qXz³ªd$pnpP¨ﬂ3
u'ªd$XdBB§*qGzd$yxbpnqXlvwd } lnw v Õ§ ³dBwbd$q|pnlvµBd } j@s{uy_qGzstln1dﬁs{tl]wbd$stze¹ jm ¼






ﬁﬃ=+%ﬃﬀ'/  13ﬀ,': ﬀ/ ﬁ&=+ ﬀ' =67(+='/


















































































































































































































































ztq'stlnzY®½~mlvw1st_bdg®½uXpnpnu'ª#lvwbeq }} l´stlvuGwq|p*x{uGxUdBYstlvdNz! 
 
I! _C2` + I WSI
¹Òwbuewbu } dlnz`lnw¿zYdBp´® ÅﬁuGw
	lr+s+¼
 
I !8_ 2` + I

I @
ﬁ lrz#qixq|{s{lrq|p*uG } dB¼
 














Ã¶d°ª#lnpvpqXztzYocidest_q's0s{_bd-z{dﬁs1u|®#celvwblnc!q|pwbu } dBz0u|®^ lrz0$uXw@stqXlvwbd } lvw
_


































ÎÑ`ZÕÍ $Ï]lrzqz{dﬁs#u|®4$uXw$ob{td$w@s>$uXw } lvs{lnuXwUz$¨
D
c!q'ylnc!q|p¹½®½uX`zYd$s>lnwﬁpnoz{lvuGwU¼T$u|ÅzYd$s




ÐÒÎﬁÏ]Z Ê !¹Òwbuesªuiwbu } dNz#q|td
lnw¿ﬁuGw




































































































































s{_Uq'sË1ÍﬁË    $Ï<Ê+ÐÌ4ﬁÏÍ+ÔÎ7Y"Ï_YË'Ï ËGÎGY














































































































N Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
^`_bdzYd$s4u|®bqXpvpGbtqXw_blnwb#xbtuyﬁdBztz{dBz*uX®md$s{tlXwbd$s8'©lnz4obwbl@obd$pn~ } d 5wbd } §'obxgstu·q|wlrzYuGceuXtxb_blrzYc
¹ÒlP¨ dX¨n§#q {dBwq|celnwb u|®³s{_bd¸ﬁuXw } l´stlvuGwz!q|w } dBXdBwGszt¼ﬁ§qXw } ªdRz{_qXpvp






























§Gªd·Bq|pnpblvsTs{_bd1ÔyÌ ﬁÑ|Øﬂﬁ'Ð Ì iu|®'°§GqXw }!} d$wu|s{d·l´s>m~	
 ¨]^`_bd
obwy®½uGp } lvwb













@Y§4ª#_bdB{d @ } d$wbuXs{dNz³s{_bd!_buGceuXceuXtxb_blrzYc qGz{z{uyﬁlrq'std } stu	 
 s{_blrz } dNﬁuXcexLuGz{l´stlvuGw
d$yxb{dNz{z{dBzst_q's	 






_uXp } z$§mst_bd$w	 
 l } d$w@s{l 5dNz`ª#l´st_>'°¨
uGw 5Xotq|s{lnuXwzu|®st_bdobwy®½uGp } lnwb	 








q|w } pvd$sﬂ ﬁﬃ 

K!ﬁ 23ﬂﬁ Ud
st_bd-qGz{z{uyﬁlrq's{d } zYd God$w$d°u|® 5td } sttqXwzYlvs{lnuXwUz$¨¿^`_bdBw s{_bdB{d°d$ylnzYstz1q¿obwbl@obd°c!q'ylnceqXp¹½®½uX1z{dﬁs
lnw$pvoz{lnuXwU¼ﬁuGw 5Gobtq|s{lnuXw?1uX®"	 



























































































































































































































































































































oz{lvwﬁ'Ð Ê tÎ$Ï  ﬁ0Ë'Ê+Ê{Ñ`\Í  ]±w






















































































































































































ÎÑ'ÌUÏÕË|Ð ÌbÍ0Ë'ÏØ ËJÍ+ÏÏ]\>Ñ!Ï<Ê{Ë|ÌbÍ+Ð ÏPÐÒÑ|ÌbÍ \ ÍﬁË`d!Ï_YË'Ï
*
d$m_lvblvstz#q
_uXlrﬁdX§Ñ'ÊÙ  $ÔyÐ 'Ë'Ø $ÌÏ<ØedJÙÏ^YbË|Ï
*
lnz












Ù	\ Y $Êﬀ¶ÐrÍ°Ë  FÊ{ÑË$Ð ØòÐ Ï]d²ÑﬁÊ
*
&






ÐrÍ!ÎË'Ø Ø  ﬁ
Ë-Rq|t«Xu'¿wdﬁsB§·Ë|ÌﬁﬂŁÐrÍ"ÎË'Ø Ø  ﬁ²Ð ÏÒÍtuXoystlvwb¿xLuXpnlrﬁ~X§`Ð ÏÍ   Î$Ð  ﬁÍ°Ï_Y8  FÊ{ÑË$Ð ØòÐ Ï]dﬁ|ÐrÍÏ<Ê+Ð $ÔyÏPÐÒÑ|Ì Ñ 


























































































































































































































































































































Ó³ÍÍ+ÔyÖ ¿Ï_YË'Ï6'6ÐrÍ¿Ë|ÌÄË'ÔyÏÑ'Ö!Ë'ÏÑ'Ì  &É5Y8ﬁÌÙeË $Ê{Ë|ÌLÎ7YmÐ Ìﬃ  LÊ{ÑNÎ +ÍÍ: Ñ ' YbË'Í)Ï^Y 














 &Ù\ Y $Ê  &

ﬁ6$ÌLÑ|Ï ﬁÍÏ_Y8 bÑ'ÍÏPÍ!ﬁÏ#Ñ1ÎtÑ|Ìﬁ|Ð ÏPÐÒÑ|Ì  Ð Ì>:Ë|Ìﬁ

&
ﬁ6$ÌLÑ|Ï ﬁÍÙËJÍÔmÍ+ÔË'ØòÙTÏ_Y8  ÑJÍ+ÏPÍ $ÏÑ 0ÎÑ'Ì ﬁ'Ð Ï<ÐÒÑ'Ì  Ð ÌRÏ_Y8N\ YÑ'Ø 1ÔyÌﬀﬁÑ'Øﬂﬁ|Ð Ìﬃ	
  !
±w­uXs{_bdBªuX } z$§zstuXxbxlvwbstlvcedNz0ﬁuGlvwUﬁl } d!ª#l´st_­bq|w_blnwb¿xbtuyﬁdNz{z{dBzz{o_¶s{_q|s1q|pnpTbq|wU_blvw
$uXw } l´stlvuGwz`_qJXds{_d$ln
xUu@zszYd$s#d$lvs{_bdB
d$w@s{lntd$pn~°lvwUzYl } d³s{_bdx{uyﬁdNz{zuG#d$w@s{ln{dBpv~-uXoyszYl } dgu|®l´sN¨

¢ àﬂà< ¥ jmd$d
D
xxUdBw } lv¸¾³¨v)¹ s{_didBw@s{ln{d1btqXw_blnwb-x{uyﬁdNz{z :zY_bu'ª#w²lvw ¦ ln¨ "°xLuGztzYdNz{z{dBz·s{_lnz
x{uGxUdBYs~G§@oys#s{_bdtqXw_blnwbexb{uy$dBztz :
M
uXbstq|lnwbd } m~-td$ceu'mlnwbst_bdzY_Uq } d } z{obbwdﬁs } umdBz#wu|sB¨Ú¼
#   
B Ü ¤X£b  ÜRà< UÜ/Ü ¢J£ 












 $¡ à ﬁﬁ$  ¡ﬃ 
 Ü  Ó ﬁÊ{Ë|ÌLÎ7YmÐ Ì   FÊ{ÑNÎ ﬁÍÍ:
?-@_ DU` DQ D
@
K
ÐrÍ0ÎË'Ø Ø  ﬁ)ËzstuXxbxlvwb
























ﬁ6$ÌLÑ|Ï ﬁÍÏ^Y   ÑJÍ+ÏPÍ!ﬁÏ#Ñ0ÎÑ|Ìﬁ'Ð Ï<ÐÒÑ'Ì


































ÏË'Ð Ì4 ﬁÐ Ì :ÙË'Ì ﬁÏ^Y $Ê #IGÐrÍÏPÍ`ÌLÑgÍ+ÏÑ   LÐ Ìﬃ1Ï<Ð Ö #Í+ÏPÊ+ÐÒÎ$ÏPØ d0ÎtÑ|ÌÏË'Ð ÌUÐ Ìﬃ :
M
Ë'ÌﬁÍ+ÏPÊ+ÐÒÎ$ÏPØ dÎÑ|ÌÏË'Ð Ì< ﬁ
Ð Ì>:  





















































































































u|®]ﬁuXw } l´stlvuGwz`st_q's·qX{dgbq|w_lvwbelnwUuXs{_'&q|w } 	 
 §

















































ﬃ ³ÓÌ,d²ÍÏÑ   LÐ Ì ­Ï<Ð Ö  ﬁﬀtÎÑ|Ö ÑJÍ!ﬁÍ¿Ë'ÍË¸ÔyÌÐÒÑ|Ì[Ñ"ØvËHd6$ÊÍ YËNÐ Ìﬃ Ë'Ð Ê \]ÐrÍ! ﬁ'ÐrÍ8$Ñ'Ð ÌUÏÍ!ﬁÏPÍ)Ñ 
 $ÌÏPÍ   UÔÎ7Y¸Ë ﬁﬀÎtÑ|Ö ÑJÍ+Ð Ï<ÐÒÑ'ÌÐrÍiÔyÌÐ $Ô8+Ù`Ð Ï ﬁ6 TÌ4+ÍeË ﬁÐ !Î$ÏPÐÒÑ|Ì  ﬁÏ]\  ﬁÌ¸Í+ÏÕÑ    LÐ Ì ¿Ï<Ð Ö ﬁÍ




































































































































































































































ﬃ* Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
y¨#^`_bdzYdNﬁuGw } x{uGbpvdBc&lnzst_q's#uX®4s{_d 5Uwbl´std$wbdNz{z`uX®prqJ~XdBtzB¨±wﬁuGwzYs{to+stlvwbiuXox{uGq|blnpnl´s~
} lrzst{lnboystlvuGwiuGw9	 
 §Xªd`wbd$d } stuq|xbxpv~0qGuXpnceuXGuXtu'·dﬁmstd$wz{lvuGw!q|tXobced$w@sN§'@~iﬁuGwzst{oU+sYÅ
lvwq.V{ﬁuGwz{lnzYs{dBwGsX>®Òq|celnpv~0u|®Fxb{uGq|lvpnl´stlvdNz$§'uGwbd®½uX]dNqX_5wblvs{d
zYs{uXxxblvwstlvcedG¨TtuXG{dNz{z{lnwb
®½{uGc uXwbdizstuXxbxlvwb-s{lnced0stu)q-wbdﬁmsguXwbd1xb{uy$d$d } z·m~¿ﬁuGw$q|s{d$wUq's{lnwb-z{uXcedipnqJ~Gd$N§Uz{d$dBw¸qXz
q|w²q|s{uGcilrxbtuXG{dNz{z`uX®s{_bd1tqXw } uXc2xbtuyﬁdBztz#obw } d$³ﬁuXwUzst{oﬁs{lnuXwﬂ¨
^`_dl } dBq°lrz#stu°pnl´® sguXob
{uGoys{lnwbixUuGpvlrﬁ~ﬂRs{ueq1s{q|wz{lvs{lnuXw-x{uGq|blnpnl´s~euXw"s{_d³prqJ~XdBlnwﬁuXwUzYl } d$q'stlvuGwﬂ¨^`_blnzlrz`dBqGzY~
l´®s{_dﬁuXwUzYl } d$td } prqJ~Xd$`lnwmXuXpnXdNz>uGwbpn~ 5wblvs{dBpv~-ceqXwm~°{uGoys{lnwb@z$¨
^`_dgqXUu'Gd³sªuixUuGlvw@sz#ceu|s{ln'q'stdst_bdg®½uXpnpnu'ª#lvwb } d!5wblvs{lnuXwC 
:
Ü  ½¡ﬃ à< 







ÎË'Ø Ø  ﬁe_buGln$dﬁÅﬁuGcixUqX+s#Ð c Ð ÏﬂÍ$Ë|ÏPÐrÍ  ﬁÍ
Ï^Y  ﬁÑ'Ø ØnÑH\]Ð Ìﬃ)Ï]\>Ñ-ÎÑ|Ìﬁ'Ð Ï<ÐÒÑ'ÌÍ 




















ﬃ  ¦ lvwblvs{dBwbdBztzuX®#pnqJ~Gd$z! iÓØ Ø>ØvËHd6$ÊÍ)Ñ	 
  ÑJÍÍ!+ÍÍ-Ñ'ÌUØed?>ÌÐ Ï ﬁØed¿Ö!Ë'Ì8d¸ÎÑ'Ì ﬁ'Ð Ï<ÐÒÑ'ÌbÍ°Ï^YbË|ÏgË|Ê





































































































































































? @.D J<DDQ K


















*Ê  "ÎGYÑ'ÐÒÎ -Ì<$ÏÒÍ!Ë'Ê"ÎGYÑ'ÐÒÎ PZYÎÑ|Ö ËXÎ$Ï  $ÔyÏ·Ï^Y "ÎÑ'Ì8$ÊÍ °ÐrÍiÌFÑ'Ï
Ï<Ê+Ô8°Ë'Í1Í;YbÑ`\]Ì [d






























































































































































































































































































°lrz]q·wuXtceqXpvlnµ$lnwbgﬁuGwzsq|w@s } d$xLd$w } lvwb












































































































































































































































®½uX :Łq|w } :
M




































































lnz#qixbtuXUq|blnpvlvs~X¨]^`_blrz 5wlnz{_bdBzst_bdﬁuGwzYs{to+stlvuGw"uX®    ¨
jmuGced-ﬁuGcicedBwGszq|td!lnw­uX } d$qXUuGoyss{_d°xbtdBz{d$w@s0ﬁuGwzst{oU+s{lnuXw4§4XdBtz{ozgst_q's1u|®  G <¨¿^`_bd
$uXwzYs{toﬁs{lnuXw u|®  X #q|xbxpvlndBzgstu¿®½td$d-_buGln$d-ﬁuGw
	lr+szuXwbpn~X§ª#_bdB{dNqXzuGobzlnz0ceuXtd!Xd$wd$q|p<¨)±Õs
oUzYdNz`wbu G·uGpvceuXGuXtu'  z]d$ms{d$wUzYlnuXw)q|tXobced$w@sN§yboys
q's{_d$`xUdBY®½uG{c!z`q } ln{dN+s
ﬁuGwzst{oU+s{lnuXw"u|®s{_bd
x{uGq|blnpnl´s~)uXw²q 5d$p } Gd$wbdBtq|s{lnwbes{_bdiª#_buGpvd

ÅÕqXpvGd$bqeuXw¿st_bdiobwy®½uXp } lnwb§Fq|w } s{_bdBw²lnwmXuX«GdBz
q
UqXz{lndﬁmstd$wz{lvuGw0st_bd$uG{dBcŁ®½tuXc cedBqGzYo{ds{_d$uXt~X¨^`_bd#tdBz{obp´stlvw³x{umu|®LlnzTpvuGwb§|pnln«Xd`uXobzB§Xq|w } lvsTlnz
ceuG{ds{dN_bwblr$q|p<¨>Æob`xbtu@uX®4oz{dBz`uGob`wbu|stlvuGw"uX®zstuXxbxlvwbistlvcedX§yª#_ln_"s{obtwz`uGoys`s{ueUdgtd	@obln{d }
qXwm~@ª`qJ~°®½uG·st_bdeRq|t«Xu'"xb{uGxUdBYs~)ªd0lnw@GdBzYs{lnGq|s{dwbd$msh s{_bdipnq|sYstd$s{uXxln1lnzwbuXs³ﬁuGwz{l } dB{d } lnw























































































































































































































































































































































X Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê



































































































































q|w } uXcelnµ$lnwb 5U{lnwb!zYd @obd$w$dBzB§yªdgq'st_bd$`q|w } uGcelvµBd	V 5tlvwiz{d	@obdBwﬁdNz`obx)s{uelvw@std$tpvdNqJ@lnwb@z X+¨
	 S ﬁ&#$*$ ﬀ
Ã¶d5zYs } d!5wbdst_bd





























































































































































¦ lvGob{deG6 ]qXzYsB§bxbtdBz{d$w@sN§bq|w } ®½oys{o{dG¨


































ﬂÔyÏ<ÔyÊ1Ë|Ìﬁ  ËJÍ+Ï·Ë'Ê !ÎtÑ|Ìﬁ|Ð ÏPÐÒÑ|ÌLË'Ø Ø d¿Ð Ìﬁ6ﬃ 8ﬁÌ ﬁ6$ÌÏPÙ































































Ï<Ê{Ñﬀﬁ'ÔÎ  ﬁeÐ ÌRØ $ÖiÖeË a'ÙË'Ì ﬁ!Ø $Ï  
Z?
 ﬀ  Ï]\>Ñ!ØvË`d6ﬁÊÍgÍ+ÔÎGYÏ_YË'Ï>Ì4ﬁÐ Ï^Y $Êﬂ   ﬀ!ÌFÑ'Êﬂ ﬀ  
YÑ'Øﬂﬁ'Í 






























































































G Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
    ÁÜ Aﬂ£ 
 ﬁ  Ü >¤ à ¡ﬃ   Ü á Æobtobwbwlvwb"dﬁbq|cexbpnd0uX® ¦ lvU¨'°lrz·s{umu"z{c!q|pnp4stu-lnpvpnozYs{q's{d
st_bd$uG{dBc b§ULdBBq|oz{dlvs } umdNz·wbuXs·dﬁy_blnblvsdBwbuXobG_²ﬁuGwﬁo{td$w$~X¨ 3
u'ªd$Gd$N§lv®Tªd1q|xbxbpn~)s{_bdBuXtd$c
!s{u ¦ ln¨ *JmUuXsYs{uGc§Uªd } d$tlvGds{_q|sst_bd1sªu"wbuXwyÅÕlnwGstd$qXﬁs{lnwb°xqXYsz
u|®4'q|tdxbtuXqXblvpnlrzstlnBq|pnpv~
lnw } dBxUdBw } dBwGsN¨T^`_blrz#ªqGzuXob




z{dBﬁs{lnuXw)lnz } d$Gu|s{d } s{ues{_dq|wqXpv~yz{lnz`uX®dﬁst{l4wbdﬁsz#ª#_blr_qX{dgwbuXs·_buXlrﬁd$ÅÕ$uXcexqG+sB¨Ã¶dª#lnpvp


































































































































































































































































































|f Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
"Ü Ò£y¡ﬃ à<  Ü ¡ ß0ÜmÜ  ¡B Ü"Ü A*¡ Ü  á Ü á  £y¢&% à  Ü ¡6£  á ¡B Ü)à ¢    £  Ü ¡ Æwbd·c!qJ~eXobdNz{z
st_q's]dBtqGzYlnwb§Jlnw0st_bd`dﬁms{dBw } d } obwb®½uXp } lvw 	 
 § } obcec0~1ﬁuXw } l´stlvuGwzq|w } d$Gd$w@stzB§'ªuGobp } ~mlvdBp } q|@q|lnw
	 
 ¨R^`_blnz0c!qJ~¸wbuXs1Ld!s{_d"$qGzYdG§_u'ªdBXd$N¨)±w­®ÒqXﬁsB§]zYlnw$d°xbtdBz{d$pndB+stlvuGw­_qXz0UdBd$w­xLd${®½uXtced } §
st_bd$td!q|tdelvw­Gd$wbdBtqXpc!q|mlnc!q|pT$uXw 5Gobq's{lnuXwUzLd$pnuXwXlnwb)s{u 	
 §ª#_blr_²std$tcilnwq|s{d°q's } obcec0~
$uXw } l´stlvuGwz$¨ (TqXz{lnwb } obcec0~ﬁuGw } lvs{lnuXwzq|w } dBXdBwGsz#lnw²zYoU_q-ﬁuXw 5Xobq'stlvuGwceqJ~"~mlvdBp } dBl´st_bd$
q-c!q'ylvc!qXpﬁuGw 5Gobtq|s{lnuXw¿uX® 	
 §*uX³q LÊ  0I0uX®>q°c!q'ylnc!q|pﬁuXw 5Xobq'stlvuGw¿u|® 	
 ¨g^`_blrz·cedNq|wz
st_q's`d$qXz{lnwb§Glvw-s{_bd³dﬁms{dBw } d } obwy®½uGp } lnwb 	
 § } obcec0~°$uXw } l´stlvuGwzqXw } dBXd$w@sz$§@~mlvdBp } zlnw°XdBwbd$q|p
qXw)q }b} lvs{lnuXwqXpﬂzYd$s
u|®  bË|Ê+ÏPÐÒË|Øy{owz$¨ 3·d$w$dgs{_bdz{ueuXysq|lnwbd } z{dﬁs
lrz#pnqX{Gd$s{_qXw	
 §z{d$d$w¿qGz#qiz{dﬁs
uX®4tobwzB¨Ã¶dzY_Uq|pnpLlnwmXdNzstlv@q's{d·s{_blrz#z{l´stoq'stlvuGw-prq's{dBB§mbobs`ªd 5zs } lrz{$oz{zst_bd$qXz{d·lnw)ª#_bln_)zYoU_
qXw)qXYstl´®ÒqG+s } umdBz`wu|s
uy$$obB¨
uGwzYl } dB*s{_bd>dﬁms{dBw } d } dﬁst{lGwbdﬁs 'e§Jlvstz*owy®½uXp } lnwb 	 
 xLuGztzYdNz{z{dBzV } obcec0~ X]xq'st_z$§Nst_bd$c!z{d$pnXdBz




















 ﬃ LØnËXÎ$Ð Ìﬃ|Ù`Ð Ì 	
#Ù`Ï^Y   Ë'Ï^Y 


@     











 Ùﬂ \ Y $Ê 	 
 Ë'Ì ﬁ0	 





































































































  0  ﬀ   ' 6 $ H/<( 5ﬀ' 67ﬁﬃ'(;/ ﬀ  * 4 + =( 2 $=(ﬀ
$=





















































































ÙTÍ$Ë|ÏPÐrÍ 7d'Ð Ìﬃ)Ï^Y  ﬁÑ'Ø ØnÑH\]Ð Ìﬃ²ÎtÑ|Ìﬁ|Ð_Z
Ï<ÐÒÑ'ÌÍ 




6* Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
¹Òlvl ¼¸Ð  *  ﬁ6$ÌLÑ'Ï ﬁÍÏ_Y8iÎÑ|Ì& XÔyÊ{Ë|ÏPÐÒÑ|Ì ÑﬁÏË'Ð Ì4 ﬁ [d $Ê{ËJÍ+Ð Ì 'ÙÐ Ì

*`ÙÏ_Y80Ö!Ë%IGÐ Ö!Ë'Ø ﬁ'ÔyÖiÖ d)ÎtÑ|Ìﬁ|Ð_Z






\]Ð Ï_YRÌLÑ!ÖeË&IXÐ Ö!Ë'Ø ﬁ'ÔyÖiÖ d-ÎÑ|Ìﬁ'Ð Ï<ÐÒÑ'ÌÍ 

















ªd$qXpvp*lvs*   ¨ ¹<"G¼
3·d$w$d&* lrzewbu|s°q¶c!q'ylnceqXp
ﬁuGw 5Xotq|s{lnuXwuX®st_bdobwy®½uXp } lnwb­u|® '°§qXw } lrzest_bd$tdﬁ®½uG{d)wbu|s°qXw
dBpvdBced$w@s#u|® 	 





s{_bd	VuGwbpn~1lv® XxqXYsN§mªdxb{uy$d$d } m~!ﬁuGw@s{q } lr+stlvuGwﬂ¨
D
z{z{obced 5UtzYsst_q's`ﬁuGw } lvs{lnuXw²¹Òlr¼
lrzwbu|sTztq'stlnz 5d } ¨^`_bdBwi$pvdNq|tpv~qXztz{obcexys{lnuXw"_buGp } zs{tobd+h©lvw0s{_blrz]$qGzYdG§Js{_bd`c!q|x lrzuXwbd$ÅPstu|ÅÕuXwbdG¨
·dﬁmsB§*qGz{z{obcedst_q's!¹½l ¼



























































































ÍﬁË`d!Ï_YË'Ï#Ë $Ê{Ë|ÌLÎ7YmÐ Ìﬃ  FÊ{ÑBÎ ﬁÍÍ: Ñ0Ë $ÏPÊ+Ð]Ì4ﬁÏ
'2ÐrÍ`$uXcexbpndﬁstd!Ð tÙ ﬁÑ|ÊH ﬁÊ deÊËGÎGYË$Ø Ö!Ë'Ê|Ð Ìﬃ?ﬂ Ñ B'!Ù>Ë|Ìﬁ ﬁÑ'ÊH!&$Ê deÏPÊtË'ÌbÍ+Ð Ï<ÐÒÑ'Ì KﬁÌFË$Ø  ﬁ [d





\ YyÐÒÎGYRÐrÍØvË $Ø  ﬁ [d K ÕÐ     vÙMK³ÐrÍÊﬃ LÊ +Í!$ÌÏ  ﬁ Pd @   !
±Õsg_qGz·Ld$dBw²xbtu'Xd
}






































































































































































































































































































á à  Ý ¤ à 
 ﬁ  Ü ¡ Ü ﬁ¢ Ü  A" 4Ñ|Ê+Ö1ÔyØvË'Í  'ÙCaﬃ  d'ÐﬁØﬂﬁ Ë ﬁÊtË'ÌLÎ7YmÐ Ì  FÊ{ÑBÎ ﬁÍÍ¿Ñ 
'2\ YmÐÒÎ7Y ÐrÍ"Ë'Ì= IGÏ ﬁÌÍ+ÐÒÑ'Ì©Ñ°Ï^Y ÎÑ'Ö  LØ ﬁÏ   LÊ JIF: 
 ÙW\ ¿ÎË'Ø ØÐ ÏÏ^Y  } uXobpv~­$uXcexbpndﬁs{d-xb{d!5b




 RÇﬁÏ·Í$Ë|ÏPÐrÍ  ﬁÍ°Ï^Y  ﬁÑ'Ø ØvÑ`\]Ð Ìﬃ  FÊ{Ñ  8ﬁÊ+Ï]d ﬁÑ|Ê ËXÎ7YÊ tËGÎGYË$Ø )Ö!Ë'Ê|Ð Ìﬃ
ﬂÙË'Ì ﬁ.tËGÎGY Ö!Ë'Ê|Ð Ìﬃ1ﬂ
M




ÎÑ'ÌUÏÕË|Ð ÌbÍ)Ë ÎÑ'Ì XÔyÊ{Ë'Ï<ÐÒÑ'Ì ÊËXÎ7YmÐ Ì ­Ë­ÎﬁÔyÏ





B Ümà ¢ Ü 

#
ÉY ¿ÎÑ|Ìﬁ'Ð Ï<ÐÒÑ'ÌÍ)Ñ  $ÖiÖeË! ¸ÎË|Ì  ÎGY8Î ﬀ ﬁ¶Ñ|Ì Ï^Y  ﬁGÑ'Ô $Øed¶ÎÑ'Ö  LØ ﬁÏ   LÊ JI Ñ 







































































































































































×TÑ'ÌÍ+Ð ﬁ6$Ê1Ë!Ì4ﬁÏ ' Í$Ë'Ï<ÐrÍ 7d'Ð ÌﬃÎÑ'Ì ﬁ'Ð Ï<ÐÒÑ'ÌbÍ¹ÒlP§ lvl ¼0Ñ gØ $Ö1Ö!Ë. 'Ù*\ ÔmÍ!Ï^Y 0ÌLÑ|ÏÕË|ÏPÐÒÑ|ÌbÍ

















ÐrÍÊËXÎ7YbËﬁØ  Ê{Ñ'Ö Ë'Ì8d












ª#lvs{_­tdBz{xLdB+sstu¿xbtuXqXblvpnlvs~ } lrzst{lnboystlvuGw  *¨Æ·®
ﬁuGobzYdG§ 5wblvs{d°Ld$_UqJ@lnuXotzg_qJGd°qwbuXw µBd$tu





¢ àﬂà< ¥ jmd$d
D
xbxLd$w } lv)¾³¨I+m¨ !
  
#ﬀ$g# 
^`_d1xbtuXpvdBc u|® } lrzYs{tlvbobs{d }¶} lrq|GwbuGz{lnz·u|® } lnztﬁtdﬁstd0dBXd$w@szY~yzYs{dBcez³ceu|stlv'q|s{d } s{_bdexbtdBz{d$w@s³®½obwyÅ
} q|ced$w@stqXpªuXt«F§ªd0tdﬁ®½dB·st_bd1tdBq } d$·s{u vG Tq|w } st_bdi{d$®½d$td$w$dBz#st_bd$td$lnwﬂ¨Æw¿s{_d1uXs{_bdB_qXw } §
stuuXob«mwbu'ª#pnd } GdX§ﬂwdﬁsobwy®½uGp } lvwb@zq|td!q|pnciu@zsobw«Xu'ª#w¶lvw¶s{_d°ﬁuXw@st{uGp$uXcec0owbl´s~G¨°^`_bdeuXwbpn~
tdﬁ®½dB{dBwﬁdNzTªdqX{d³qJªqX{d#uX®4q|td Úy   GﬀÕ§@Lu|st_-lnw°st_bd³$uXw@s{d$msu|®4z{obxLd$tmlnz{uXt~i$uXw@s{tuXpUu|® } lrztﬁtdﬁs{d
dBXdBwGs
z{~yzstd$c!z`ceu } d$pnpvd } m~°d$s{tl*wbdﬁsz$¨
3qJ@lnwbitqXw } uGc&JqX{lrq|pvdNzlnw } d$yd } @~"zYd$stzs{_Uq's

































































































































































































G Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
q } l´¬Fd$td$w@s0x{umu|®#uX®`lvstziﬁuGwzYs{to+stlvuGw ¹½s{_bd"xbtu@uX®#lnz1qJJqXlvprq|pvd!lnw  X ½¼+¨03·d } umdBz0wbu|siﬁuXwUzYl } d$




¦ lnwq|pnpv~G§>ceu|stlv'q|s{d } m~ s{_bd 5w } lvwb@ziu|®
st_bdxb{dNzYdBw@s1ªuXt«L§>j*¨ 3·qXqX1_UqXzixbtuXxLuGz{d } n' 
qXw
qXxbxbtuGqG_es{u0x{uGq|blnpnlvµBlvwb1xq|{s{lrq|pLuX } dB>Ld$_qJmlnuXz$§@lvw"ª#_blr_!s{_bdgobwb®½uXp } lvw1z{d$c!q|w@s{lr$zlrzceu } Å
l 5d } ¨±w!®ÒqXﬁsB§mtq|s{_bdB]s{_Uq|w!st_bd·stuX«Gd$w'xbpnqGﬁd$Å<uG{lnd$w@s{d } mlnd$ª u|®*st_bd·tqXw_blnwbxbtuyﬁdBztz>z{d$c!qXwGstlnBz$§
_lnz#qXxbxbtuGqX_"lnz`UqXz{d } uXw¿q¿ÎﬁØòÔmÍ+Ï ﬁÊmlvdBª¹Òª#l´st_$pvoUzstd$z`UdBlvwb!z{obbwbd$stz
qGz } d 5Uwbd } lnw"st_bdxbtumu|®
uX®>pnd$cec!q"X¼ﬁ¨(>qX_²wbdﬁsLd$lnwb } lnzÒuXlnw@s{pn~)xUq|{s{lvs{lnuXwbd } lnwGstu-lvstzgﬁpnozYs{dBtzB§Fxb{uGq|lvpnlnzYs{lr0_uXlrﬁd0uX®
qG+stlvuGwz>Bq|w!Ld·c!q } d \]Ð Ï_YyÐ Ì0dNqX_°ﬁpnozYs{dBGs{_bdd$Gd$w@stz>u|®*s{_d·tdBz{obp´stlvwxq|q|pnpnd$pbtobwzﬁuG{tdBz{xUuGw }
stu 5tlnwbGz·u|®Tc0op´stl´ÅzYd$stzu|®]sttqXwzYlvs{lnuXwUz$§Ltq|s{_bdB
st_q|w²z{lnwbXpndsttqXwzYlvs{lnuXwUz·qXz·lvwRs{_bdixbtdBz{d$w@s·ªuXt«L¨


























































































































































































ªuXt«-uGxUdBwz#st_bdtuXoystds{u'ª`q| } xb{uGq|lvpnlnzYs{lrz{lvc1obprq's{lnuXw¿qXw } xUdBY®½uG{c!qXwﬁddBJqXpvoUq's{lnuXwstumuXprz`®½uX
prq|tXd } lrzst{lnboystd } wbd$sªuG{«Gd } z{~yzstd$c!zB¨
   
T¸#/) ) ²[! ",)ﬃ>Ł%  
	 /"Ł/"  ·	 /"
  /) "15 ﬀﬁ¸#ﬀﬁ

;
 ﬁ& ﬀ/  ' ﬀAﬁﬃ=+ ( ﬁ (/








uX®mqXoys{uGc!q'stq`lnw@s{u·ºi»·»·z$§Nªd]wd$d } >s{u#q|w } uXcelvµBd]{uGoys{lnwb






































































































































































































































































@ Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê




























































































  M M


§`q|w } ªd"wbdBd } s{u¶stqX«Xd)s{_lnzelnw@s{u­qXBﬁuXowGseª#_bdBw
} d 5wblnwb¶s{_d¿{uGoys{lnwb¶xUuGpvlrﬁ~  u|®s{_bd¿x{u } oﬁs!wbdﬁsN¨Â^`_blnzelrz } uGwbd@~ÁpnqXUdBpvpnlvw¸st_bd¿xbtu } o+s
uGxUdBtq|s{uG
Q



















































































































































































































































































































































































T¸#/) "  Rﬃﬀﬁﬀ$#ﬃT$/ "!%'

;



















































l´®ﬂxUq|{sB§GqGz{z{obced`s{_Uq's : z{q|s{lrz 5dNzs{_d
xbtuXxLd${s~1zYstq'std } lnwes{_bd·pvdBcic!q¨ ¦ uXTdBXdB{~
tobw&*
















































































































 $Ï   °Ë)ØvË`d6ﬁÊ°Ñ 2	
 Ù














    	ﬂ$ÌLÑ'Ï  [d















































































































































































































Xf Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê

  S  ( Y*  .ﬀ" /"' #ﬁ&= ﬀ
^`_d]®½uXpnpvu'ª#lnwb`st_bd$uG{dBcÄ$qXwUdT®½uXobw } lvw¿dB~XdB4q|w } ¯d$pnprqX_bdB{lnd  |fÕ§N±{±Y±ÕÅ|¹Òl´s$q|wqXpnz{u#Ud>®½uXobw }

































































 à<Là ¢ à  ¡B Ümà ¢ Ü 












u|® } lnzYs{tlvoys{lnuXw euGw	 
 ﬁprq|lnced } q'ss{_bd
dBw } u|®]jmobz{dBﬁs{lnuXw¿b¨ b¨









 @3$ K.?  
	 
	











































































































































































































































































































































uGwz{l } dBs{_bdz{o e"LuXobw } q|t~!u|® 




































































































































































































































æÚç4ê-ﬂﬁêógéç<æÚóJ+ñÚêîPï+ó$  $ñÚæÚíYêç*ý*êëÒê>æÚóﬁîPëPï$ìJõJíêìgî<ï`é ﬂﬁï+æÚìîPåJæÚç4ïBìNìJæ î û%LéñÚñ@ëÒõJóJçﬂîPë<é8ﬂﬁêYëÒç<êéñÚñ@çPñÚæÚíêYçYü
ßß2óJ )+*(&

































































































































































































































































































































































































































































































































































































































ﬁ   
D
*











































































 N?  
ª#_bd$w)s{_dgz{dﬁs
uX®
.zYoU_¿s{_q|s . 	 

*













































































































ﬀ" Ó  ﬁÌ&$ÌÐrÍ+Ï +ÙÈ 4ËﬁÊﬁÙ	
 1ËXË|Ê
























































































. 	  *
ﬁ   
K< @
. 	   *


































































. 	  *









































































































ﬁ : Ë ØvËHd6$ÊÙ0Ï^Y RÎË|Ê ﬁ'Ð ÌFË'Ø·Ñ)Ï^Y 
























ﬁ   
D
*


















































































































































q|w } q|w } s{_d1tdBz{obpvs®½uGpvpnu'ª
z³lvceced } lrq'std$pn~X¨






























































































































































































































































ÎÑ'ÌUÏÕË|Ð ÌbÍÌLÑ ﬁ6Ëﬁ­ÍÔ $Ö!Ë'Ê|Ð Ìﬃ
ÎÑ|Ö ÑJÍ! ﬁ"Ñ ﬁ'ÔyÖiÖ d  FØvËXÎ ﬁÍ 

 1 .*6 *6 ﬀ * 
jylvw$d#ﬁu|Åz{dﬁsBlnztdBqG_q|bpnd®½{uGc q|wm~c!q|t«mlvw§'lvsTlnzTq³tdB$ob{td$w@s]zYd$sB§GcidNq|wblnwb³s{_Uq'sTq|pnceuGzYsdBXdB{~





















































































































zY~yzYs{dBcez  q|w!qXxbxbtuGqX_im~0xqXYstlnqXpvpn~1zYs{uy_qGzstlndﬁst{lwbdﬁsz$§ 	ÐrÍ$Î$Ê$Ï 
!ﬁÌUÏ ﬁ`d'ÌLË|Ö1ÐÒÎÍ dJÍ+Ï $Ö1Í












tqXwﬁdNz{_blnwblrz$¨  ²Ñ ﬁﬀﬁØòÐ Ì 



























































lnwb0q|xxb{u@qX_ﬂ¨G^4u0qXxbxLdBq|>lvw"ÇtÈTÈTÈ ÉbÊ{Ë'ÌÍ  Ñ'Ì°ÓÔyÏÕÑ|Ö  T×TÑ'ÌÏ<Ê{Ñ|ØÚÙURqJ~
XXGb¨















nB  U¨¯dBz{d$p<§bq|w } U¨ (>z{xq|tµBq¨ *Ê °× YÑ'ÐÒÎ  $ÏPÊ+Ð ﬁÏPÍ  qXc0btl } Xd 1
wblnXdBtz{l´s~-T{dNz{zB§*'ﬀ'Gb¨
nXg¨4¯·dBUuGob«F§j*¨ F4q|®½uX{s{obwbdG§4q|w } ¯1¨4^d$wbdB«Xd$s{µ$lrzB¨ u@uG } lvwq|s{d }¸} dNﬁdBwGsttqXpvlnµ$d } xbtu|stuyﬁuXprz®½uX
®ÒqXlvpnobtd } lnqXXwbu@zYlrzuX® } lrz{${d$s{d-dBXdBwGsezY~yzYs{dBcezB¨ 	ÐrÍ$Î$ÊﬁÏ °È ﬁÌUÏ 	Nd'ÌFË'ÖiÐÒÎ 8dJÍ+Ï ﬁÖ1Í RÏ^Y Ñ|Ê d
Ë|Ìﬁ)Ë   LØòÐÒÎË'Ï<ÐÒÑ'Ì  BU¹ XX¼ﬁ§mG'Å "6*§mXXX¨
nN U¨ﬃ(TwbXdBp´®½tlndﬁsB¨
Ê{Ë'ÌFÎGYyÐ ÌﬃÊ{ÑNÎ ﬁÍÍ!+Í#Ñ	 $ÏPÊ+Ð  $ÏÒÍ 
D
+stq·±wy®½uXtc!q'stlnBq·"§@ﬃ'6'X§Nxbx1ﬀ+XNb'bG¨
nB  U¨4(>z{xq|tµBq§FjF¨*Gced$N§LqXw } ÃŁ¨ ]uXGpvdBB¨
D
w¸lvcexbtu'XdBcidBw@s·u|®²$¿lnpvprq|w  zobwy®½uGp } lnwbq|pnXuXÅ
tlvs{_bc¨Ñ'Ê+Ö!Ë'Ø  0$Ï^YbÑﬀﬁJÍÐ Ì 5dJÍÏ $Ö 	ﬂ+Í+Ð XÌ°|¹PG¼  6"GNybNb§G²qJ~-|X@y¨








 |ÙCF  `j¸ﬃ*6*|fU§mjyxb{lnwbGd$ ]d$tprq|§Fﬃ'6'6'¨
nN (·¨ ¦ q|btdX§
D
¨¾d$wmXdBwblnzYs{dG§ ¨GqX } §F>¨#lr«XdBB§q|w } ­¨]jmcelvs{_ﬂ¨¯·lrzYs{tlvbobs{d } zYstq|s{d°tdB$uXwyÅ
zYs{toﬁs{lnuXwÂ®½uG
}
lnztﬁtdﬁstd²d$Gd$w@s)z{~yzstd$c!zB¨ ÊtÑBÎﬀ 0Ñ ²Ï^Y  ﬃ ﬃ ﬃ­ÇtÈTÈTÈÀ×TÑ'ÌUÏPÊ{Ñ|ØgË|Ìﬁ 	ﬂtÎ$ÐrÍ+ÐÒÑ'Ì










§>¾{wbuU¨ (TpndBﬁs{tuXwblr ·u|s{dNzlnw^`_bd$uG{d$s{lr$qXp uXcexboystd$ejyﬁlnd$w$d°XuGpP¨>"b§(TprzYdBmlvdBB§
ﬃ'6'ﬀ"b¨
_@s{s{xC  'ª#ª#ª¨ dBpnz{d$mlnd$N¨ wbp Jpnuy$q|s{d 'd$w@stBz 'XuGpvobcedG"b¨ _@s{cep

















zB¨ ¼ﬁ§ Ê{ÑNÎ ﬁÍÍ!ÓØ  ﬀﬁÊ{Ë Ë'Ì ﬁ Ê{ÑtËﬁÐ Ø´ÐrÍÏ<ÐÒÎ   ﬁÏ^YbÑﬀﬁJÍ Ê{ÑNÎ   ﬁ|Ð Ìﬃ|Í
*Ó    Z Ê{Ñ  ¿Ð  ﬃ ﬃ X§ C°× 
#7<7
§ 'GNFXBf¨
n' j*¨ 3·qXqXB¨4T{uGq|lvpnlnzYs{lr pnozYs{dB 1·wy®½uXp
}
































dﬁs{tlLwbdﬁsz$¨@lvw Ê{ÑNÎ  Ñ`Ç bÓ1×

 ﬃ ﬃ ﬃ¿×]Ñ|Ì   Ñ'Ì
×TÑ|ÌÏ<Ê{Ñ'Ø 8dJÍ+Ï $Ö1Í 	ﬂ+Í+Ð XÌbÙ*zYxLdB$lnqXpﬂzYdNz{z{lnuXw)uXw)d$s{tl*wbdﬁsz$§Ljmpvu''qX«@lrqb§ Gobwbd0XXX¨
Ú|  Ge¨T²$¿lnpvprq|w4¨ 8d'Ö tÑ|ØòÐÒÎ¿Ö!Ñﬀﬁ6$Ø·ÎGY8tÎ |Ð Ìﬃ ÁË'Ì Ë    FÊ{ÑNËXÎ7Y ÏÑ¶Ï_Y8Í+ÏÕË|Ï   I  LØnÑJÍ+ÐÒÑ'Ì  FÊ{Ñ$Ø $Ö  
GgpnomªdBB§*ﬃ'6'Gb¨
ßß2óJ )+*(&









ÚXg¨ ·lvdBpnz{d$w4§ i¨>pvuXs{«mlvw4§>q|w } i¨Ã©lnwz{«Xd$p<¨¶Tdﬁst{l`wbd$stzB§]d$XdBw@sizYs{to+stob{dNz$§]qXw }Á} uGc!q|lnwz$¨
q|{s





qJ~mwq|p<¨ﬃﬁÏ]\>Ñ'Ê'Í#Ë|Ìﬁ 	0ÐrÍ+ÏPÊ+Ð $ÔyÏ  ﬁi×TÑ|Ö FÔyÏÕË|ÏPÐÒÑ|Ì ·ÎÑ|ÌLÎ   FÏÒÍÙﬂÏÑBÑ|ØÚÍ
Ë'Ìﬁ0Ë'Ø @Ñ'Ê+Ð Ï^YmÖ1Í X^`_bd
R±^[TtdBztzB§*'6"ﬀ"b§F*ﬀ*0xUq|XdNz$¨ﬂ¹Ò±Yjy¾ Ł'Å*@JÅ"bNX|Å<fm¼
Úﬀ+ ³ÃŁ¨U#d$lrzYln¨  ﬁÏ<Ê+ÐTÌ<$ÏPÍ  UjmxbtlvwXd$ ]dB{prq|U§F'6"@y¨
Ú"  i¨]jm_q|®½d$N¨Ó ÖeË|Ï_Y8ﬁÖ!Ë'Ï<ÐÒÎË'ØÏ_Y8tÑ|Ê d¸Ñ  NÐ ﬁ6$ÌLÎ ﬀ TtlvwUﬁdﬁstuXw 1·wblvGd$zYlvs~²>{dNz{zB§>{lnwﬁd$s{uGw
§4' +*b¨
Ú'  30¨  Xpnµ$dBB¨
q|w } uXcelvµBd } wuXwyÅzYd @obd$w@s{lrq|p4xb{uy$dBztzYdNz$¨
>{uyﬁdBd } lnwb@zﬀ ﬁﬃﬂ  |Gb³¸JJst_






















Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	



ﬂ
 
ISSN 0249-6399
